Congenital patients who lack natural killer (NK) cell activity experience repeated polymicrobial infections. NK cell activity varies significantly among normal people, but it is unknown whether this variation influences their ability to fight infections. This study examined this concern. NK cell activity and other variables, i.e. age, sex, performance status (PS), serum albumin value, lymphocyte and neutrophil counts, various lymphocyte subsets, etc. were determined for 108 immunologically normal elderly subjects who were in nursing homes due to an impaired PS. We analysed for correlations between these variables and the follow-up results of the subjects. Forty-eight subjects developed infection(s) during the first year of follow-up. A low NK cell activity was associated with the development of infection (P 0´0105, multivariate logistic regression analysis). The relative risk for the development of infection increased in accordance with the decrease in the NK cell activity. Eleven subjects died of infection during the study period. A low NK cell activity was associated with short survival due to infection (P 0´0056, multivariate Cox's proportional-hazards regression analysis). Our data indicate that low NK cell activity is associated with development of infections and death due to infection in immunologically normal elderly subjects with an impaired PS.
INTRODUCTION
Natural killer (NK) cell-mediated innate immunity is important for fighting infections. It has been shown that NK cells can kill not only viruses but also other pathogens, such as bacteria and fungi, in vitro [1±4] . The in vivo importance of NK cells for fighting infections in humans is supported by reports that rare patients who almost totally lacked NK cell activity, but had no derangements of other immunological functions, suffered repeated viral and/or bacterial infections [5, 6] . NK cell activity does not show an agerelated decline even in centenarians [7±9] , which contrasts with the reduced T-and B-cell functions in the elderly [10, 11] . Meanwhile, NK cell activity varies significantly among normal people of all ages, but it remains unknown whether this variation is reflected in the ability to fight infections. In mice, it was reported that decreased NK cell activity was associated with mortality [12] . Our previous small-scale retrospective study using univariate analysis suggested that low NK cell activity might be related to a susceptibility to common infectious diseases, such as respiratory infections, in immunologically normal elderly people [7] . Other immunological parameters, such as the number and function of T cells and neutrophils and the g-globulin value, showed no correlation with susceptibility to infections. Common infectious diseases cause significant morbidity and mortality in the elderly and may be leading causes of death in very old people in some countries [13] . Thus, it is important to clarify whether a relationship between low NK cell activity and susceptibility to infections exists in elderly people.
To address this question, we conducted this prospective cohort study of immunologically normal elderly people.
SUBJECTS AND METHODS

Subjects
Immunologically healthy subjects were selected from 395 elderly Japanese subjects who were not fully self-supporting and were being cared for in three nursing homes. We focused on this cohort of subjects because (1) reliable follow-up data can be obtained, (2) the subjects live in similar environments and receive similar medical support and (3) death due to infection was frequent in our preliminary study of such subjects. The criteria for selection were the admission criteria for immunogerontological studies (SENIEUR protocol) [14] , a World Health Organization (WHO) performance status (PS) [15] of grade 2 or 3, and informed consent. The SENIEUR protocol strictly defines the exclusion criteria for immunological evaluations, which include clinical information indicating the presence and/or history of certain diseases (recent infection, inflammatory diseases, malignancy, etc.), abnormal laboratory data (erythrocyte sedimentation rate, blood cell count, blood chemistry tests, urinalysis, etc.), drug treatment of a defined disorder and drug treatment known to influence the immune system. One-hundred and twenty-eight subjects met the above selection criteria. The main reasons for excluding subjects were a PS of grade 4, drug treatment for a defined disease, dementia and the presence/history of the following diseases: neoplasia, collagen vascular disease, diabetes mellitus, chronic renal failure, chronic hepatitis B or C virus infection including carriers of either of these viruses, and decubitus ulcers. Only subjects with a PS of 2 or 3 were included, because subjects with a PS of 0 or 1 were very few in these nursing homes and subjects with a PS of 4 usually had a condition (such as decubitus ulcers and a defined disease requiring drug treatment) which violates the SENIEUR protocol. A few subjects in this cohort had smoking habits. These subjects were also excluded, because we expected that respiratory infections would be the main infections occurring during the follow-up period. Vaccination for influenza virus was not performed for the selected subjects, because no vaccination policy was in place in the nursing homes during the study period. This study was approved by our institution.
Cell preparation
Heparinized blood (10 ml) was obtained from each subject early in the morning. The white blood cell count was determined with a Coulter Counter (Coulter Electronics, Beds, UK). The leucocyte differentials in the peripheral blood were determined microscopically from Romanowsky-stained smear preparations. Mononuclear cells (MNCs) were separated from the blood by gradient centrifugation using Histopaque-1077 (Sigma, St Louis, MO, USA).
Determination of NK cell activity
A 51 Cr-release assay was used to examine NK cell activity, as described previously [7, 16] . Briefly, freshly isolated MNCs were used as effectors, and K562 cells labelled with Na All cultures were performed in duplicate. After a 4-h incubation, the radioactivity of the supernatant fluid was determined. The specific cytotoxicity was calculated using the following formula: (E-S)/(M-S) Â 100 (where E experimental 51 Cr release; S spontaneous 51 Cr release; and M maximum 51 Cr release). The ratio of spontaneous to maximum 51 Cr release was lower than 10% in all cases investigated in this study. The results are expressed as lytic units (LU) per 1 Â 10 6 effector cells, with one LU defined as the number of effector cells required to lyse 20% of 5 Â 10 3 target cells. It is known that the NK cell activity (LU) differs even in the same subject when analysed on different days [17] . This interassay variation in NK cell activity is thought to be due to assay-related variability (for instance, variance in the counting of target cells), rather than a true biological variability [17] . To solve this problem, we determined the interassay variation of LU in one normal subject, who was not included in the study population, for 11 assays performed on different days; the result was 1´060´2 3 Â 10 5 (mean^s.d.). In this study, the NK cell activity of this normal subject was determined concurrently in every NK cell activity assay as an internal control. When the activity of this subject fell outside 1´06^0´23 Â 10 5 LU, the results of the assay were rejected. To further minimize the variance induced by different NK assays, the LU of this normal subject was defined as 100, and the relative potency of LU of each examined subject (corrected LU, CLU) was calculated in each NK assay. The CLU was able to be determined for 108 subjects. This was done within 2±3 months (same season) for the subjects at each nursing home.
Lymphocyte phenotype analysis
The lymphocyte phenotype of the subjects was determined by dual colour analysis using a flow cytometer (FACScan; Becton Dickinson, Mountain View, CA, USA), as described previously [7, 16] . Monoclonal antibodies directed to CD3 (Leu4), CD4 (Leu3a), CD8 (Leu2a) (Becton Dickinson), CD25 (IL-2R1), CD56 (NKH-1) (Coulter Immunology, Hialeah, FL, USA) and HLA-DR (IOT2a) (Immunotech, Marseille, France) were used.
Clinical assessment
After blood was collected for immunological analysis, the subjects were followed up in the nursing homes by nurses and physicians ignorant of the subjects' immunological data. The clinical assessment during the follow-up period included (1) occurrence of a definitive infection, such as an upper airway infection, pneumonia and urinary tract infection, (2) occurrence of a severe 
Data are the mean^s.d. or the number of cases. Data on lymphocyte subsets are expressed as percentages, with the absolute numbers in parentheses (/m l). *WHO grade 2 or 3. ²Number of cases at each nursing home.
infection, i.e. an infection which might be fatal if untreated and (3) death. The cause of death was recorded according to the rules of the International Statistical Classification of Diseases and Related Health Problems (ICD-10) [18] . All events counted as a severe infection were also counted as a definitive infection.
Statistical analysis
The correlation between the age and other variables was examined by Spearman's rank correlation test. The association between the predetermined parameters (all variables listed in Table 1 ) and occurrence of infection during the first 12 months of follow-up was examined by univariate and multivariate logistic regression analyses. The multivariate analysis included only selected variables. The data of subjects who were either discharged from the nursing home or died before the end of the 12 months were omitted from the logistic regression analyses, regardless of the findings regarding infection. This is because these subjects included both those who did and those who did not develop an infection, and thus inclusion of all or part of these subjects might bias the results. The association between the predetermined parameters (all variables listed in Table 1 ) and the time to death due to infection during the total follow-up period was examined by univariate and multivariate Cox's proportional-hazards regression analyses. The multivariate analysis included only selected variables. Data were censored at the last follow-up date or the date of death due to a non-infectious cause. Table 1 shows the characteristics and immunological data of the 108 subjects for whom the CLU was able to be determined. We and others reported that some immunological parameters, such as the B-and T-cell counts, were decreased in immunologically healthy elderly subjects compared with young subjects [7, 8] . However, in the elderly population, such age-related immunological changes are not clear. In our cohort of 108 elderly subjects, none of the studied immunological parameters, including the percentage and count of T cells, or the other continuous variables presented in Table 1 correlated with the age (P . 0´13 and 2 0´11 , r , 0´16 for all variables). The distribution of CLU in association with the age is shown in Fig. 1 .
RESULTS
Characteristics and immunological data of subjects
Diagnosed infections and causes of death of subjects
The occurrence of infection during the first four seasons (12 months) after blood collection was analysed for 95 of the 108 subjects. The data of 13 subjects who were either discharged from the nursing homes (n 3) or died (n 10) before the end of the 12 months were omitted. Forty-eight of the 95 subjects developed an infection(s) during the 12 months. The kinds of infection recorded in these 48 subjects are summarized in Table 2 . Twelve of these 48 subjects developed two kinds of infection, thus a total of 60 infections are shown. Ten of the 48 subjects developed the same kind of infection repeatedly during the 12 months (such recurrences are shown as one event in Table 2 ). Among the infections shown in Table 2 , pneumonia, pyelonephritis and sepsis were categorized as severe infections. These severe infections developed in 20 of the 48 subjects.
Twenty-seven of the 108 subjects died during the follow-up period. The median follow-up time for the subjects who were alive at the last follow-up was 23 months (range 4±27 months). Eleven subjects died of bacterial pneumonia (Table 2) . Severe infections and death due to pneumonia were frequent in this cohort, which was thought to be due to the poor PS of the subjects (see Discussion). The distribution of NK cell activity (CLU) in association with age in all subjects. Note that CLU values over 300 are plotted using a different scale for the y-axis. There is no correlation between the CLU and the age (P 0´4801, r 2 0´068). The closed and open circles indicate subjects with and without an infection(s) during the first 12 months of follow-up, respectively. The triangles indicate subjects who were either discharged from the nursing homes or died before the end of these 12 months. The numbers of cases who developed each kind of infection and who died of each cause are shown.
Some subjects developed multiple kinds of infection. The code numbers of ICD-10 are shown in the parentheses. *Herpes zoster, perianal abscess and sepsis.
Correlation between the predetermined parameters and development of infection and time to death due to infection
We then analysed the correlation between the predetermined parameters (all variables listed in Table 1 ) and infection(s) during the first 12 months of follow-up (Table 3) . By univariate logistic regression analysis, in which continuous variables were divided into 2±5 groups using various cut-off points, a poor PS, low Alb value, high age and low NK cell activity (low CLU) correlated significantly with the development of infection. The association between NK cell activity and infection(s) during the first 12 months of follow-up is illustrated in Fig. 1 . Among the other variables, only a low NK cell count tended to correlate with the development of infection (P 0´1146 for low NK cell count; P . 0´2 for other variables). Multivariate logistic regression analysis showed that a low NK cell activity was an independent variable associated with the development of infection. The odds ratio for the development of infection increased in accordance with the decrease in the NK cell activity. Other independent variables associated with the development of infection were a poor PS and high age. When possible correlations between the predetermined parameters and the subjects who developed a severe infection were analysed in the 95 subjects, only a poor PS (PS 3) was a significant independent variable for the development of a severe infection (adjusted odds ratio 6´61 [95% CI, 1´99±21´98], P 0´0021). A low NK cell activity (CLU , 15) was an independent variable for the development of a severe infection with marginal significance (adjusted odds ratio 2´89 [95% CI, 0´82±10´17], P 0´0977).
We next analysed for correlations between the predetermined parameters and the time to death due to infection in the 108 subjects (Table 4 ). Eleven subjects died of an infection (all due to pneumonia) as shown in Table 2 . Univariate Cox's proportionalhazards regression analysis showed that a poor PS, high CD8 cell count and low NK cell activity correlated significantly with a short survival due to infection. The time to death due to infection as a function of NK cell activity is illustrated in Fig. 2 . Among the other variables, only a low CD3 1 CD56 1 cell percentage tended to correlate with a short survival due to infection (P . 0´2 for all other variables). Multivariate Cox's proportional-hazards regression analysis showed that a low NK cell activity was an independent variable associated with a short survival due to infection. Other independent variables for a short survival due to infection were a poor PS and a high CD8 cell count.
DISCUSSION
Common infectious diseases cause significant morbidity and mortality in ageing populations. However, the immunological features of elderly people who are immunologically healthy but are prone to develop infections or to die due to infections have not yet been clarified. The role of NK cells in fighting viral infections has been extensively studied. A typical viral infection activates NK cells, and increased NK-cell responses are observed during the first 1±3 days of infection [19, 20] . This is replaced gradually with viral antigen-specific T-cell responses. When T-cell responses do not occur, as in severe combined immunodeficient mice and athymic nude mice, the increased NK-cell response is maintained for a prolonged period to defend the host [20±22] . Besides the antiviral function of NK cells, NK cells may play a role in eliminating various other pathogens. This is supported by the findings that NK cells kill such pathogens as bacteria and fungi in vitro [2, 3] and that NK-cell-deficient humans suffer lifethreatening viral and bacterial infections [5, 6] . It has been reported that the count and function of T cells are reduced in healthy elderly subjects compared with young people [7, 8, 10, 11] . Considering the functional link between NK and T cells, the role of NK cells against infections may be more important in the elderly than in young people. Our prior study showed that socalled NK cell activity, i.e. the activity of freshly isolated MNCs from peripheral blood, correlated well with the activity of NK cells which are stimulated in vitro with interleukin-2 [7] . Thus, the magnitude of the so-called NK cell activity may correlate with the magnitude of the activity of NK cells which are activated in vivo by infections. Based on this background and the results of our previous small-scale study described in the Introduction, we conducted this prospective cohort study, which paid special attention to the NK cell activity.
In our cohort, development of a severe infection (pneumonia was most prevalent) and death due to pneumonia were frequent, which contradicts the data for the general Japanese population. A survey by the Ministry of Health and Welfare of Japan showed that in Japanese at age 80, similar numbers of deaths were caused by pneumonia, heart disease, malignant neoplasms and cerebrovascular diseases [23] . We believe that this discrepancy is attributable, at least in part, to the poor PS of our subjects. This is because our analysis showed that a worse PS was an independent variable for the development of a severe infection and short survival due to pneumonia.
Our multivariate analyses showed that low NK cell activity is an independent variable associated with the development of infection and short survival due to infection in our cohort. The developed infections were due to viruses (the common cold and herpes zoster) and bacteria, while infectious death was due to bacterial pneumonia. These data on pathogens are consistent with the reports of patients who lacked NK cell activity [5, 6] . It should be noted that the odds ratio for development of an infection increased in accordance with the decrease in the NK cell activity (the adjusted odds ratios were 2´09, 4´18 and 5´85 for subjects with CLU $ 30 to , 50, CLU $ 15 to , 30 and CLU , 15, respectively). Moreover, only the lowest NK cell activity (CLU , 15) was an independent variable for development of a severe infection, with marginal significance (adjusted odds ratio: 2´89), as well as for short survival due to an infection, with strong statistical significance (adjusted hazard ratio: 10´44). These findings indicate that the NK cell activity is important for fighting infections in our cohort. Nevertheless, because a small number of subjects in our cohort died due to infection, it is better to confirm the association between a low NK cell activity and death due to infection in larger cohorts of subjects. Another point to be considered is possible fluctuation in NK cell activity. Although we adjusted for interassay variation in the NK cell activity, this adjustment does not guarantee that the NK cell activity of each elderly subject is stable over a long period of time. We currently have no data on whether the ability to fight infections changes with a fluctuation in NK cell activity. Our analyses also showed that, besides the NK cell activity, a poor PS, high CD8 1 cell count and high age were independent variables associated with the development of infection or short survival due to infection. Among these, the association between a high CD8 1 cell count and short survival due to infection is poorly understood. One proposed explanation is that clonal expansions of CD8 1 cells, which are often observed in healthy elderly people [24] , are exaggerated in the subjects with a high CD8 1 cell count. These clonal expansions probably reduce the naive repertoire of CD8 1 cells, which impairs the subjects' T-cell responses. Nevertheless, even if this speculation is true, the reduced naive repertoire of CD8
1 cells cannot clearly explain the short survival due to bacterial pneumonia in our cohort. Besides our data, an association between a high CD8 1 cell percentage and high mortality in elderly people was also suggested by an other study [25] . The underlying mechanism and significance of a high CD8 1 cell count in the elderly population should be investigated in future studies.
Recently, a subset of T cells sharing characteristics of NK cells (NKT cells) has been vigorously studied. Although the physiological role of NKT cells remains elusive, these cells have an immunoregulatory function [26, 27] . subset of human NKT cells, and the proportion of CD3 1 CD56
1 cells may increase in the peripheral blood of elderly people [28, 29] . Our analyses did not show a significant association between CD3
1 CD56 1 cells in the peripheral blood and the time to death due to infection (Table 4) . However, because a large number of CD3
1 CD56 1 cells reside in the human liver [30] , our results do not exclude a possible association between CD3
1 CD56 1 cells and infection in the elderly population.
In summary, our data indicate that, in immunologically normal elderly subjects with an impaired PS, low NK cell activity relates to the development of infections and short survival due to infection. Subsequent questions to be investigated are whether this finding is also true in other populations, such as normal elderly subjects with a good PS, and whether intervention for subjects with low NK cell activity can change the outcome.
